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I. ABSTRACT 
To investigate the experimental technique and the high magnetic field effect in the dynamical 
nuclear polarization (DNP) experiments, the X-band 1H-DNP and the high power sub-THz wave 
irradiation experiments have been performed on bis-diphenylene-phenyl-allyl (BDPA)-doped 
toluene solution at room temperature. We have established the sample-shuttle X-band DNP 
experimental system, and investigated the external magnetic field, the microwave power and 1H-T1-1 
dependences of Overhauser enhancement factor (ε). A maximal signal enhancement of 
approximately –19 has been observed. As for the sub-THz wave experiments, we have constructed 
the NMR and ESR measurement system for the experiments under the magnetic field of ~10.7 T, 
with a high power light source gyrotron CW-I (TE22,8 mode, f~299.23 GHz). When the high power 
sub-THz wave of a gyrotron was irradiated on the toluene solution in order to confirm the evidence 
of DNP, the sample has evaporated due to the electromagnetic (EM) wave heating. 
 
II. INTRODUCTION 
DNP is one variation of double resonance technique in NMR spectroscopy, which has history of 
more than 50 years. Recently, there were some events and many NMR and ESR researchers have 
come to think that DNP is a promising method in near future in the research field of NMR. One 
event is the appearance of the commercial product “hypersense” by Oxford instruments. Another 
trend has arisen from the consecutive research activities by Griffin and his coworker’s at MIT [1-24]. 
They have pushed up the high magnetic field limit of DNP experiments with a “gyrotron”, which 
operates at 140 GHz and 250 GHz, corresponding to the ESR field of 5 T and 9 T. So far, a gyrotron 
is the only watt class high power light source in the power gap region of millimeter and 
submillimeter waves, which has been used for the DNP and ESR experiments [1-30]. A free electron 
laser is a high power light source in the same frequency region, however, it is not familiar to the 
magnetic resonance experiment yet. 
The main research activity at our center (Research Center for Development of Far-Infrared 
Region; FIR) is to develop an original gyrotron and explore its application (ESR, DNP, etc). The 
research of DNP-NMR has started at FIR from about 2 years ago. The purpose is to build up the high 
magnetic field DNP technique to apply for the protein structural analysis, and to find other 
applicable systems. However, if we directly begin the submillimeter wave DNP experiments at very 
low temperature without experience of DNP experiments at lower fields, many difficulties might 
appear; such as the consumption of liquid helium and electric power at 2 superconducting magnets 
(SCMs) plus sample cooling system.  
In this paper we report the first stage of development of DNP-NMR at FIR. We have developed 
the sample-shuttle X-band DNP experimental system with an Yttrium-iron-garnet (YIG) oscillator 
and a traveling wave tube amplifier (TWTA) as a microwave source. And for the sub-THz wave 
experiments, we have constructed the NMR and ESR measurement system for the experiments under 
the magnetic field of ~10.7 T, with a high power light source gyrotron CW-I (TE22,8 mode, f~299.23 
GHz). To confirm the performance of the newly developed system, we have looked for the already 
known and easily available sample in which DNP has been observed at room temperature [31]. 
Through the experiments on BDPA-doped toluene solution with these two experimental systems, we 
have started our first approach to the high magnetic field DNP experiment. 
 
III. MATERIAL AND METHODS 
DNP experiments have been usually performed at low temperatures, because the required 
microwave power is typically below ~100mW at liquid He temperature (this power level is even 
achievable by a Gunn oscillator). On the other hand, DNP has been observed at higher temperatures 
(room temperature) in many samples, and the former DNP experiment on BDPA-doped toluene 
solution seems to be a good example for us to follow from the following reasons. It is easy to obtain 
the materials (BDPA from Sigma-Aldrich), the materials contain protons, and 1H-T1 is rather long at 
the order of a few seconds, which is convenient for the sample-shuttle system. 
Schematic diagram of the X-band DNP system is shown in Fig. 1. The system is composed of a 
 
Fig. 1 
conventional 5-to-220MHz 300W NMR instrument (which is usually used for the research of 
solid-state physics), the X-band ESR measurement system with a TE011 cylindrical cavity, the sample 
shuttle system, and a 2 T electromagnet with pole pieces.  
As for the microwave source of ESR, we have used a YIG oscillator and a TWTA. The output 
from a TWTA is in the frequency range of 8~12.4 GHz, and the maximum power is more than ~15 
W. For the ESR measurement and enhancement of the magnetic field at the sample, a frequency 
tunable TE011 mode cylindrical cavity (11.2~11.6 GHz, Q~2x104) has been fabricated [32]. The 
microwave frequency of a YIG oscillator was externally regulated by a lock in amplifier and the 
feedback circuit, and the frequency is stabilized to the cavity resonant frequency at the precision of 
~0.1 MHz. A Cu-coil is positioned beside the cavity to yield the B-field modulation at the sample 
position, and intensity of the reflected microwave is measured at a lock-in amplifier and a digital 
multi-meter. To avoid interference, the NMR-coil is positioned outside and adjacent to the cavity 
resonant space. The “sample shuttle system” is made with a PLC (Programmable Logic Controller) 
and an air-piston. The sample is put in a glass tube, and transport between the NMR-coil and the 
resonant cavity center within ~0.1 s. 
Figure 2 shows schematic diagram of the sub-THz wave ESR and NMR experimental system. A 
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gyrotron CW-I has been used for the ESR light source, which is developed at FIR. A gyrotron CW-I 
operates at TE22,8 mode (f~299.23 GHz) and the output power at the window is more than ~1.7 kW. 
The high power sub-THz wave is transmitted by the φ28 waveguide to the top of 17T-SCM, and the 
power is >150 W there. The waveguide is tapered, and φ4 waveguide end constitutes the cavity with 
the reflecting mirror. The sub-THz wave power has not been measured at the sample position. The 
cavity length has been adjusted by a piezo z-stage. 
The sample shuttle system is not used for the sub-THz wave system. The NMR coil is wound 
around the sample glass tube, and shifted slightly from the sub-THz wave irradiation position, in 
order to minimize the interference. The reflected sub-THz wave is measured at the hot electron 
detector. The power fluctuation of a gyrotron is more than 1% owing to the noise of the power 
source of the cathode voltage. The magnetic field modulation method was applied and a lock-in 
amplifier is used to detect the ESR signal in the magnetic B-field sweep measurement. 
 
IV. RESULTS 
Figure 3 shows the experimental results for the relaxation rate of proton in toluene solution as a 
function of the radical concentration. The experiments have been carried out under B=0.4 T, at the 
NMR frequency of 17.3 MHz, and at room temperature. Without radical, the nuclear spin relaxation 
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time T1 of proton in toluene liquid is ~3 s. When the BDPA radical is doped, the relaxation rate T1–1 
has shown the tendency to increase linearly [34]. The significant hyperfine interaction between the 
BDPA radical spin and 1H of toluene can be confirmed. 
We first describe the X-band DNP experimental results. Figure 4 shows the microwave power 
dependence of the 1H-NMR spin echo signal. ESR frequency is ~11.31 GHz (ESR frequency is fixed 
at ~ 11.31 GHz in this paper), NMR frequency ~17.3 MHz, and 1H-T1-1~1.47 s-1. As the microwave 
power is increased, the intensity of spin echo signal first decreases, and then largely increased to the 
negative direction. The effect of microwave irradiation seems to saturate at ~10 W. The results 
indicate the existence of the Overhauser effect of the dipolar interaction origin. 
Here we define the Overhauser enhancement factor as ε = <Iz>/ <I0>, where <Iz> is the nuclear 
polarization rate when the microwave is irradiated and <I0> is the nuclear polarization rate without 
the microwave. In Fig. 5, we show the result of ESR measurement for the BDPA crystal (not in 
toluene solution) and the data of Overhauser enhancement factor ε as a function of the external 
magnetic field. |ε| is largest at the ESR field. From the results shown in Fig. 4 and 5, we can confirm 
the magnetic field and the microwave power dependences, characteristic to the Overhauser effect. 
S/N ratio of the ESR data is not good in Fig. 5. This is mainly due to the fact that the modulation 
 
 
Fig. 4 
magnetic field is weak. We could not wound the thick Cu coil to the cavity, because of the small 
distance between the pole pieces of a 2T electromagnet. For the same reason, we could not measure 
the solution ESR data, thus the ESR data of the solid crystal sample is shown in Fig. 5. 
 
For the sub-THz wave experiments, we have used 13C-enriched toluene (C6H5-13CH3), because we 
could not measure proton signal under such high magnetic field with our NMR instrument 
(5~220MHz). The ESR signal of BPDA radical and the 13C-NMR signal from 13C enriched toluene 
(C6H6-13CH3) have been observed respectively. But when the power of the sub-THz wave is 
increased, the sample temperature has rapidly increased, and toluene solution has evaporated. Under 
the power limit where the evaporation is not too severe, there was no evidence of DNP for 13C-NMR 
signal induced by the sub-THz wave irradiation. For the toluene solution sample, the setting shown 
in Fig. 2 is insufficient to confirm the DNP effect. 
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V. DISCUSSION 
For the analysis, we refer to the method described in ref. 33 and 34. Overhauser enhancement 
factor ε  is given by 
1-ε  = ρ  f s γe / γn.                                      (1) 
In Eq. (1), ρ is the coupling factor, f is the leakage factor, s is the saturation factor, γe and γn are the 
gyromagnetic ratio of electron and proton, respectively. The saturation factor s depends on the power 
of the irradiation microwave P, and it can be approximated as  
s=γe2B12T1eT2e/(1+γe2B12T1eT2e)=βP/(1+βP),                          (2) 
where B1 is the amplitude of the oscillating B-field, T1e and T2e are the spin-lattice relaxation time 
and the spin-spin relaxation time of electron, respectively, and we have put T1eT2eγe2B12= βP.  
Figure 6 shows the experimental results for Overhauser enhancement factor ε  plotted as a 
function of the microwave power, and fit to Eq. (2). NMR frequency is ~16.98 MHz, and 
1H-T1-1~1.6 s-1. The fitted curve is obtained with β ~0.3. Substituting the values of ε=–19, s=0.75, 
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and f=0.8, ρ is estimated as –0.051 for this sample.  
The leakage factor f depends on the relaxation rate of 1H, and is given by  
f=RII/(R0+RII).                                (3) 
RII is the 1H relaxation rate induced by BDPA radical, and R0 is the 1H relaxation rate induced by 
the molecular motion of toluene. Figure 7 shows the observed values of ε as a function of 1H-T1-1 for 
P~10 W. 1H-T1-1 are varied by adding the BDPA crystal into the sample and changing the radical 
concentration. The dash-dotted curve is fit to Eq. (3). 
The value of ε is ~–19 for T1-1~1.6 and P~10 W in Fig. 6. On the other hand, in Fig. 7, the value 
of ε is ~–11 for T1-1~1.5. The BDPA concentrations and the microwave irradiation power are 
approximately the same between these two experiments, but the observed values of ε are different. 
We have not degassed the toluene solution, and this fact may be the reason. The sample has been 
usually damaged within 1~2 days, and then did not show DNP effect. The data in Fig. 7 have been 
measured in 10 hours to minimize the effect from the change of the sample quality. 
When the results of DNP at 11 GHz and 40 GHz [31] are compared, |ε| is larger at 40 GHz (ε~–
40). If we only consider translational motion of toluene, then this is unnatural [23, 35, 36]. It is 
known that BDPA frequently produce strong contact of relatively long duration with solvent 
molecules. In such case, the frequency dependence of ρ becomes complicated because of the scalar 
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coupling between the electron and nuclear spin [23, 36]. However, the phenomenon is significant for 
19F and 31P, and rather weak for proton DNP. Thus for our case, we regard that the main reason can 
be attributed to the fact that we have not degassed the sample. 
 
According to the results of high power sub-THz wave irradiation experiments, we have to pay 
more efforts to depress the effect of electric field. It is widely recognized that the dielectric constant 
is very small for toluene. However, there is an internal rotation of metyl-group at ~600 GHz and at 
lower frequencies [37], so some molecular motion of toluene may have the same frequency of the 
irradiated EM wave.  
 
At first, we have thought one way to avoid increase of the sample temperature is to minimize the 
sub-THz wave irradiation time. Figure 8 shows the X-band 1H-DNP experimental results for ε as a 
function of the microwave irradiation time. The microwave power is ~2 W, and NMR frequency 
~17.33 MHz. The sample shuttle system has been effectively used to change the microwave 
irradiation time. As shown, the irradiation time of more than ~5 s is needed for saturation. The fitted 
curve is obtained by assuming the exponential time variation of the DNP ratio. The time constant for 
the DNP build-up rate is τDNP~1.78 s in Fig. 8, which is approximately the same with the proton 
relaxation time (T1~1.47 s). If more than three times T1 time is needed for full DNP build-up, we 
need ~10 s for the case of 13C at 10.7 T (13C-T1~3 s). This is too long compared with the temperature 
increase rate of the toluene solution.  
 
Fig. 8 
 
The feasible solution is to perform the experiments at the cryogenic temperature. Development of 
the sub-THz wave DNP system with such an improvement is our current subject. 
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Fig. 1  Schematic diagram of the X-band DNP experimental system. The system is composed of a conventional 
5-to-220MHz 300W NMR instrument, an X-band ESR measurement system with a TE011 cylindrical cavity, the 
sample shuttle system, and a 2T electromagnet. 
 
Fig. 2  Schematic diagram of the sub-THz wave ESR and NMR experimental system. A gyrotron CW-I is used as a 
light source, which is developed at FIR research center. The waveguide is tapered, and φ4 waveguide end constitutes 
the cavity with the reflecting mirror. The NMR coil is wound around the sample glass tube, and shifted slightly from 
the sub-THz wave irradiation position. 
 
Fig. 3  The relaxation rate of proton in toluene solution has shown the tendency to increase linearly as a function of 
the radical concentration. The experiments have been carried out under B=0.4 T, at the NMR frequency of 17.3 MHz. 
 
Fig. 4  The microwave power dependence of the 1H-NMR spin echo signal. ESR frequency is ~11.31 GHz (ESR 
frequency is fixed in this paper), NMR frequency ~17.3 MHz, and 1H-T1-1~1.47 s-1. As the microwave power is 
increased, the intensity of spin echo signal first decreases, and then largely increased to the negative direction. The 
effect of microwave irradiation seems to saturate at ~10 W. The results indicate the existence of the Overhauser effect 
of the dipolar interaction origin. 
 
Fig. 5  The ESR signal of BDPA crystal and the data of Overhauser enhancement factor ε plotted as a function of the 
external magnetic field. NMR frequency has been changed with resonant B-field between 16.98~17.09 MHz. We can 
see that |ε| is largest at the ESR field. 
 
Fig. 6  The experimental results for Overhauser enhancement factor ε  plotted as a function of the microwave power, 
and fit to Eq. (2). NMR frequency is ~16.98 MHz, and 1H-T1-1~1.6 s-1. The fitted curve is obtained with β ~0.3. 
 
Fig. 7  The observed values of ε are plotted as a function of the proton relaxation rate. The microwave power is ~10 
W, and NMR frequency ~17.33 MHz. The correspondence between the BDPA concentration and the proton 
relaxation rate has been already shown in Fig. 3. The dash-dotted curve is fit to Eq. (3), which approximately explains 
the observed behavior. 
 
Fig. 8  The X-band 1H-DNP experimental results for ε as a function of the microwave irradiation time. The 
microwave power is ~2W, NMR frequency ~17.33MHz, 1H-T1-1~1.6 s-1. The fitted curve is obtained by assuming the 
exponential time variation of the DNP build-up ratio. The time constant of DNP build-up rate, τDNP~1.78s, is 
approximately the same with the proton relaxation time (T1~1.47s). 
